Interactions of the antimicrobial peptide protegrin-1 (PG-1) with phospholipid monolayers have been investigated by using grazing incidence X-ray diffraction (GIXD) and specular X-ray reflectivity (XR). The structure of a PG-1 film at the air-aqueous interface was also investigated by XR for the first time. Dipalmitoyl phosphatidylcholine (DPPC), dipalmitoyl phosphatidylglycerol (DPPG) and lipid A monolayers were formed at the air-aqueous interface to mimic the surface of human erythrocytes, Gram-positive bacterial cell membranes and Gram-negative bacterial outer membranes, respectively. Experiments were carried out under constant area conditions where the pressure changes upon insertion of peptide into the monolayer. GIXD data suggest that the greatest monolayer disruption produced by PG-1 is seen with the DPPG system at 20 mN m À1 since the Bragg peaks completely disappear after introduction of PG-1 to the system. PG-1 shows greater insertion into the lipid A system compared to the DPPC system when both films are held at the same initial surface pressure of 20 mN m
Introduction
The last decade has seen a considerable increase in the study of antimicrobial peptides due to the interest for their potential as future pharmaceutical drug compounds.
1 Antimicrobial peptides have a broad spectrum of antimicrobial properties and serve as inducers and modulators of various chemical components of the innate immune system.
2
Recent work has shown that antimicrobial peptides act by permeating cell membranes. 3, 4 Although it is evident that the cell membrane is a barrier that must be overcome by antimicrobial peptides for cell disruption, the exact mechanism of action of antimicrobial peptides remains unclear. 5 It has been established that antimicrobial peptides have the ability to differentiate between foreign and native cells, 4, [6] [7] [8] and one of the main reasons for this is thought to be due to the different lipid components and physical properties of the cell membranes involved.
Eukaryotic and bacterial membranes have very different lipid compositions. The mammalian cell membrane consists mainly of phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin, and cholesterol, 6, 9 with the outer leaflet being enriched in PC. 5, 10 This is vastly different from bacterial membranes, which contain a high proportion of negatively charged lipids such as phosphatidylglycerol (PG) and PG derivatives such as diphosphatidylglycerol or cardiolipin. 5, 6 The lipid components of bacterial membranes also depend on the classification of the bacterium into Gram-positive or Gramnegative classes.
11 Gram-positive bacteria such as Staphylococcus aureus have a single membrane that contains a high level of PG lipids, whereas Gram-negative bacteria have, in addition to the plasma membrane, an outer cell wall coated with lipopolysaccharide (LPS), of which lipid A acts as the lipophilic anchor.
In this paper the interactions of an antimicrobial peptide, protegrin-1 (PG-1{), with DPPC{, DPPG{ and lipid A monolayers are examined under constant area conditions. These lipids are present in the outer leaflet of human erythrocytes, Grampositive bacterial cell membranes and Gram-negative bacterial outer membranes, respectively.
Protegrin-1 is an arginine-and cysteine-rich antimicrobial peptide, originally isolated from porcine leukocytes. 13, 14 It contains 18 amino acid residues and a net charge of +6 due to six arginine residues. NMR studies show that it has a one-turn b-hairpin structure that includes two disulfide bonds when in solution. 15 Members of the protegrin family have been shown to exhibit anti-human immunodeficiency virus type-1 activity in vitro 16 and activity against Chlamydiae, 17 among other antimicrobial properties.
Previous work 18 using oriented circular dichroism has studied the alignment of PG-1 in lipid bilayers. It has been proposed that the PG-1 peptide exists in membranes in two different states, which correspond to the surface adsorbed state and the inserted state, similar to that of the a-helical antimicrobial peptide, alamethicin. 18 In the surface state, PG-1 is adsorbed to the head group region of a lipid bilayer with the peptide being oriented parallel to bilayer, whereas in the inserted state, the peptide is orientated perpendicular to the lipid bilayer plane. Ma et al. 19 observed a PG-1 induced thickness change and a kinetic profile that corroborates with this model by using surface plasmon resonance.
More recently, Mani et al. 20, 21 used solid-state NMR to investigate the oligomeric structure and insertion of PG-1 into lipid bilayers. Their studies on the dimeric structure of PG-1 molecules in palmitoyloleoylphosphatidylcholine (POPC) bilayers suggest that two PG-1 molecules align in a parallel fashion. 20 Further work was carried out with lipids that mimic the bacterial inner membrane or the red blood cell membrane. The results of Mani et al. suggest that PG-1 adopts dramatically different oligomeric structures depending on the lipid composition of the membrane with much greater contact of the peptide with anionic lipids than with those that mimic the red blood cell membrane (POPC/cholesterol).
21
The interactions of PG-1 with various lipid monolayers have also been recently studied to model the initial interaction of PG-1 with the outer leaflet of the cell membrane. 22, 23 Different lipid compositions were used to represent the membrane of various cell types, and these systems were studied by insertion assay, epifluorescence microscopy and X-ray scattering techniques under constant pressure and constant area conditions. These studies showed that PG-1 readily inserts into lipid monolayers of phosphatidylglycerol lipids and lipid A, but significantly less so into lipid monolayers of phosphatidylcholine lipids.
22,23
In this paper, the interaction of PG-1 with lipid monolayers was carried out by monitoring insertion under constant area conditions where changes in surface pressure indicate the degree of interaction of peptide with the lipid layer. This paper not only consolidates and reinforces earlier work carried out using epifluorescence microscopy and X-ray scattering methods 22, 23 but it also presents a thorough investigation of the interaction of PG-1 with different lipids, which has not been published to date. Moreover, the importance of the effect of the initial surface pressure, and hence lipid packing density, of the different monolayers on subsequent peptide-induced disorder is discussed.
Results
Generally, there are two different ways to conduct peptideinjection experiments: constant pressure and constant area conditions. At constant pressure conditions the pressure is fixed at particular value (here 20 mN m
À1
), and if peptides insert into the monolayer, the trough barrier relaxes in order to allow peptides to incorporate into the lipid monolayer. Any change in the area occupied by the monolayer following injection can be translated into a relative change in the lipid area per molecule (DA/A). With constant area injection experiments, the barrier is not allowed to move, therefore, if peptide insertion occurs the surface pressure has to increase, because more molecules occupy the same area. In this case, a relative pressure change (DP/P) upon injection gives indication of surface activity of particular peptide. All experiments discussed in this paper were conducted under constant area conditions.
GIXD -systems at 20 mN m

À1
GIXD measurements of lipid monolayers before and after injection of PG-1 were carried out for DPPC, DPPG and lipid A monolayers under constant area conditions after compression to 20 mN m
. GIXD data of these systems are shown in Fig. 1 . The top and the bottom scans correspond to the GIXD scan after and before the injection of PG-1, respectively. The corresponding values of unit-cell dimensions, d-spacings, correlation length and tilt angle can be found in Table 1 . In all cases, two Bragg peaks indicate the presence of an ordered structure with centered rectangular packing for pure lipid monolayers. The correlation length gives a measure of length restriction caused by inhomogeneities in the sample, and a reduction in the correlation length is indicative that the monolayer has more impurities or it is made of two components, such as the monolayer and peptide inserting in to the monolayer. The tilt angle gives an idea of the tail group order and can be used to corroborate values obtained with XR layer fitting.
The data for the DPPC systems after PG-1 injection under constant area conditions (Fig. 1a) show a decrease in peak intensity and a shift in the peak positions. The insertion of PG-1 into this system gave an increase in surface pressure of 12 mN m À1 over the time scale of 20 minutes, corroborating the shift in the positions of the Bragg peaks observed in Fig. 1a , signifying that the area per molecule decreases on peptide injection due to lipid compression. This is also corroborated by a decrease in correlation length, suggesting that the DPPC monolayer becomes more inhomogeneous after peptide insertion.
The effect of PG-1 insertion on DPPG monolayers at 20 mN m À1 (Fig. 1b) is very different from that of the DPPC system after PG-1 insertion. Here the previously ordered structure, shown by the two Bragg peaks, completely disappears (Fig. 1b) . The pressure increased on insertion of PG-1 under the DPPG monolayer and was 28.7 mN m À1 , 25 minutes after peptide injection.
GIXD data for the pure lipid A monolayer at an initial surface pressure of 20 mN m À1 are compared with data for lipid A system after the injection of PG-1 (Fig. 1c) . The d-spacings and unit-cell dimensions calculated for lipid A before and after PG-1 injection have been performed based on the assumption that the molecule contains six acyl chains on average, as determined previously.
31
Unlike DPPG, the lipid A monolayer remains crystalline after introduction of PG-1, although the area per lipid A molecule has apparently grown. This apparent increase in area per lipid A molecule seems to be due to the effect of an increase in intermolecular lipid A spacing (seen from the negative shift of the {02} peak, most likely due to PG-1 penetration) rather than the intramolecular spacing (spacing between lipid A tails, {11} peak), which is very similar before and after peptide injection. There was also an increase in pressure upon insertion of peptide of 19 mN m
À1
, which strongly suggests that peptide penetration occurred and forced the lipid A molecules apart, whilst the conformation of the individual lipid A molecules remained the same.
GIXD -30 mN m
À1 systems
The GIXD data for the DPPC system at 30 mN m À1 before and after injection of PG-1 are shown in Fig. 2a . The data after injection of PG-1 show that the area per molecule remains roughly the same as the pure DPPC monolayer at 30 mN m À1 (Table 1 ). This suggests that the higher pressure of 30 mN m
À1
and constant area conditions hinder peptide incorporation into the monolayer.
The PG-1 peptide imparts a smaller degree of disordering on the DPPG monolayer at 30 mN m À1 (Fig. 2b) compared to that at 20 mN m À1 (Fig. 1b) . The peak intensities decrease upon PG-1 injection, suggesting that the area fraction of the ordered phase has diminished due to the presence of the peptide. However, unlike at the lower surface pressure, two Bragg peaks can still be observed even in the presence of the peptide.
XR -PG-1 at the air-aqueous interface
To assess the surface adsorption of the peptide, a study of PG-1 itself at the air-aqueous interface was carried out. The peptide was injected into the subphase of the trough under constant area conditions in the absence of a lipid monolayer (initial surface pressure was 0 mN m
À1
). Upon injection of PG-1 into the subphase, the surface pressure increased from 0 to 17 mN m À1 , suggesting the formation of a PG-1 film at the air-aqueous interface. XR measurements were then carried out on this PG-1 film after the surface pressure reached equilibrium. Fig. 3 shows the XR data and the corresponding fit obtained from the analysis of the data. The data were fitted and a two-layer model was needed to adequately fit the data. The fitting returned values of layer thickness of 12.2 and 12.7 Å for L 1 and L 2 , respectively, with the layer nearest the air, termed L 1 , and the layer nearest to the subphase, termed L 2 . The respective electron densities for these layers normalized to the electron density of the subphase (0.337 e À Å À3 ) were 1.45 and 1.05. This electron density profile suggests the formation of peptide bilayer at the air-aqueous interface.
XR -interactions of PG-1 with lipid monolayers at 20 mN m
À1
The reflectivity curves (normalized to the Fresnel reflectivity of a planar interface) for the DPPC and lipid A monolayers at Table 2 .
For pure lipid monolayers, the L 1 layer corresponds to the tail group region of the phospholipid, and the L 2 layer the head group region. The tilt value for the pure DPPC monolayer at 20 mN m À1 was 49 , which corresponds to a tail length (L 1 ) of 12.6Å , which is the same value as that obtained with the XR fitting. Other values of tilt (Table 1) After injection of PG-1 under the DPPC monolayer at 20 mN m À1 (Fig. 4a ), the layer thicknesses remain similar, but the normalized electron densities increase and decrease for the L 1 and L 2 layers, respectively ( Table 2 ). The corresponding GIXD data suggest that there is insertion of some peptide into the film as a decrease in intensity of the Bragg peaks was observed. Put together, the XR and GIXD data indicate that the insertion is mainly into the head group region, perhaps with some minor partitioning of PG-1 into the base of the tail group region.
XR data of the pure lipid A monolayer at 20 mN m À1 were compared with those of the same lipid film at 20 mN m À1 but after PG-1 injection into the subphase (Fig. 4b) . The lipid A with PG-1 system was modeled with three slabs and the results are listed in Table 2 . An additional slab had to be added in order to a ''11'' and ''02'' are used to denote (hk) for a set of Bragg rods with equal in-plane components that cannot be resolved from the GIXD data. In this case, data are calculated using the rectangular unit cell, thus {11} lattice means { (11), (1 1), ( 11), ( 1 1)} and {02} means {(02), (0 2)}. model the system adequately. The slab nearest the air was named L 1 , the next slab L 2 , and the slab closest to the subphase, L 3 . The increase in electron density of L 1 along with the decrease of electron density of L 2 indicates that the PG-1 molecules have fully inserted into the lipid A monolayer. This is expected since the electron densities of the pure peptide layers are known to be higher and lower than the lipid tail and head group layers, respectively. The third layer, L 3 , is 26.6 Å thick with a normalized electron density of 1.22. This suggests that the peptide may insert and hang down perpendicular to the monolayer or that multilayers may adsorb underneath the lipid monolayer.
For reasons of comparison and completeness, the fitting results for the DPPG at 20 mN m À1 system before and after injection of PG-1 as previously published 22 are presented in Table 2 . It is interesting to note that the results from the data fitting for the DPPG and lipid A systems after PG-1 injection are quite similar with regards to layer thicknesses. Especially noteworthy is the fact that both anionic lipid systems require a third layer to be modeled, which is of a similar thickness ($27 Å ). It turns out that this value is approximately the known length of the PG-1 molecule, 22, 25 suggesting that at 20 mN m À1 the PG-1 peptide most likely orients with its long axis almost perpendicular to the interface or forms multi-adlayers in both the lipid A and DPPG systems. Fig. 5a shows the normalized reflectivity curves for the DPPC system at 30 mN m À1 before and after injection of PG-1 under constant area conditions. The fitted parameters for the DPPC monolayer at 30 mN m À1 can be seen in Table 2 . After injection of PG-1, the data could again be fitted with two layers. The data suggest that the PG-1 peptides penetrate into the head group layer (as shown by the decrease in electron density and the increase in thickness of the head group layer). Fig. 5b shows the comparison of the X-ray reflectivity data for the DPPG system at 30 mN m À1 before and after injection of PG-1 under constant area conditions. The data suggest that the head group region was again targeted, as was the case with DPPC under the same experimental conditions. The data for the DPPG with PG-1 system had to be modeled using three layers (Table 2) . However, the third layer did not have the same a L 1 refers to the slab closest to the air and the subsequent slabs (L 2-4 ) proceed in order from the slab next nearest to the air to the slab nearest the aqueous subphase. r n is the electron densities of these layers, where n is the corresponding layer number. The reported electron densities are normalized by the electron density value of the DPBS subphase (0.337 e À Å À3 ). Data shows comparison of systems before and after addition of PG-1 to the different lipid systems. , and that it is more likely that the third layer is made up of peptide that has not fully inserted into the monolayer but rather with portions of it sticking out into the subphase. Data from the DPPC with PG-1 system show that the calculated area per molecule value decreases slightly from the value of the pure DPPC monolayer at 20 mN m À1 (Fig. 1a) . This is thought to be due to the monolayer being forced to pack more tightly upon peptide insertion under the constant area conditions since the surface area of the trough being used is kept constant. Comparing this case with that at 30 mN m À1 , lipids at 20 mN m
XR -interactions of PG-1 with lipid monolayers at 30 mN m À1
À1
have a lower packing density, and should have greater lipid mobility and hence allow greater ease for peptide insertion compared to the 30 mN m À1 DPPC system. Indeed, this is confirmed by our GIXD data where the DPPC system at 20 mN m À1 changes much more noticeably after PG-1 insertion (Fig. 1a) than the DPPC system at 30 mN m À1 after PG-1 injection (Fig. 2a) . This is further confirmed by the fact that no discernible pressure change was observed for the 30 mN m À1 DPPC system after peptide injection.
GIXD data for the DPPG with PG-1 system at 20 mN m
indicate that the DPPG monolayer becomes completely disordered upon insertion of PG-1 even on the Å ngstrom scale. This and the fact that there is a 44 % increase in surface pressure corroborates our earlier findings of micron-scale domains originally observed via epifluorescence microscopy in a DPPG monolayer disappearing upon the introduction of PG-1 into the subphase.
22,23
The lipid A data suggest that under constant area conditions the individual ''tails'' of each lipid A molecule remain with a similar conformation before and after injection of PG-1, and that the inferred peptide insertion based on the observation of an increased pressure is due to peptide penetration into the lipid A monolayer, mostly in the head group regions. Since the structure of the tail region of the lipid A molecule seems to be rigid, 31 it is reasonable to assume that the insertion occurs mostly in the head group regions. The data also show that the {11} peak is largely unaffected, but that the {02} peak decreases in size and is significantly shifted to a lower q xy value by around 0.05 Å
À1
. Since the lipid A molecule has six hydrocarbon chains on average, 31 the {11} peak corresponds to intramolecular tail-tail distances, while the {02} peak corresponds to intermolecular lipid A -lipid A molecule distances. Upon PG-1 insertion into the lipid A head group region, the area per lipid molecule increases, and the intermolecular distance increases correspondingly, as signified by a shift of the {02} peak to a lower q xy region. In other words, the data suggest that the apparent area per lipid A molecule is increasing as the PG-1 is inserting in between lipid A molecules.
GIXD -30 mN m
À1 systems GIXD data for the DPPC systems at 30 mN m À1 (Fig. 2a) show some differences from those for DPPC at 20 mN m À1 (Fig. 1a) . The DPPC monolayer at 30 mN m À1 (Fig. 2a) again shows an ordered structure, giving rise to Bragg peaks just as in the case at 20 mN m À1 (Fig. 1a) . However, unlike at 20 mN m À1 , upon injection of PG-1 at 30 mN m
À1
, there is very little change in both the peak values found and the unit-cell dimensions (Table 1 ). This suggests that the higher initial pressure of 30 mN m À1 hinders the ability of the peptide to incorporate into the monolayer.
When the DPPG with PG-1 system was studied at 30 mN m
under constant area conditions, the calculated area per molecule of the condensed phase increased slightly after PG-1 insertion (Table 1, Fig. 2b ). The data suggest that PG-1 inserts mostly into the disordered lipid phase, although some peptide molecules may adsorb underneath the solid domains due to charge interaction, giving rise to a dilated unit cell as observed with GIXD. The correlation length, L 02 , decreased by almost 50% showing that there is an increased amount of peptide in the system.
XR -PG-1 at the air-aqueous interface
The surface activity of the PG-1 peptide was observed as there was an increase in pressure upon peptide injection while the barriers were open, without any lipid film present. The jump of the surface pressure from 0 to 17 mN m À1 upon peptide introduction into the subphase clearly indicates that PG-1 is surfaceactive, even though the peptide is highly soluble in the aqueous subphase. The peptide surface layer is thus in equilibrium with the subphase, and the observed change in surface pressure is related to the amount of peptide adsorbed at the surface as given by the Gibbs adsorption equation.
24
Analysis of the XR data (Fig. 3) suggests that when PG-1 was injected into the subphase, it adsorbed to and aligned at the airaqueous interface, with its long axis oriented along the interface. Data of the pure PG-1 peptide film at the air-aqueous interface seem to further suggest the formation of two peptide layers at the air-aqueous interface, with the lower layer (L 2 ) being a partial layer due to the reduction in electron density in comparison to the upper layer, (L 1 ). These layers are most likely two layers of PG-1 due to their similar thicknesses that match closely with the cross-sectional diameter of the peptide from previous NMR studies. 15 
XR -interactions of PG-1 with lipid monolayers at 20 mN m
À1
Data for the DPPC system at 20 mN m À1 before and after injection of PG-1 into the subphase (Fig. 4a) suggest that there was some PG-1 insertion into the DPPC monolayer at 20 mN m À1 since the changes in the electron density are in accordance with a certain degree of PG-1 insertion, mainly into the head group region of the monolayer. Since there is a decrease in the area per lipid molecule whilst there is little disordering of the lipid monolayer, it could be suggested that the formation of peptiderich and peptide-poor regions have been formed, such as we suggest occurs with lipid A monolayers (see below).
When analyzing the XR data of the lipid A with PG-1 system (Fig. 4b) , the increase in electron density of L 1 , along with the decrease in electron density of L 2 , indicates that PG-1 molecules have fully inserted into the lipid A monolayer in some regions, with the majority of insertion occurring into the head group regions of the monolayer. However, one cannot discern from the data whether the peptide molecules are uniformly distributed between the lipid A molecules or they group together in between the lipid A molecules. It has been suggested that this grouping together of peptide molecules, which then align at the interface, may be more likely than the individual peptide molecules inserting randomly between lipid A molecules, as the lipid A molecules have bulky rigid tail group structures. XR data of the DPPC with PG-1 system at 30 mN m À1 show that there is some degree of insertion due to an increase in the electron density of L 1 and a decrease in that of L 2 . The DPPC at 30 mN m À1 with PG-1 data (Fig. 5a ) suggest that there may be some compaction of lipid molecules due to peptide insertion under constant area conditions. This is in contrast to the GIXD data, which suggest little insertion. However, since GIXD is only sensitive to the ordered domains in the film, while XR takes into account both the ordered and the disordered regions, if the peptide were to insert only into the disordered region without disturbing the structure in the ordered region, we would expect to obtain XR results that indicate the incorporation of the peptide in the film and GIXD results that show little change from before peptide injection, both of which are observed here.
The XR data for the DPPG system at 30 mN m À1 (Fig. 5b) are best described by a two-layer model with thicknesses of 18.1 and 5.9 Å (Table 2 ). This is indicative of a DPPG phospholipid monolayer, with a tail group region and a head group region, respectively, as previously published. 8 After injection of PG-1, the data could no longer be modeled adequately with a two-layer model and a third layer was required. The data show that the tail layer reduces in thickness whilst the head group layer increases in thickness and decreases in electron density. The third layer has a thickness of 6.1 Å and a normalized electron density of 1.21. From the XR data for the DPPG system with PG-1 at 30 mN m
, it can be suggested that the PG-1 inserts into the DPPG head groups with the remaining part of the peptide protruding into the subphase, possibly giving rise to a partial peptide adsorbed layer. The fact that the tail group layer electron density does not change implies that the peptide does not fully penetrate through the DPPG monolayer. As a third layer was required to model the data adequately, the data suggest that the peptide is protruding out from the head group layer. This third layer is around one quarter of the thickness of the adsorbed layers, which occur at 20 mN m À1 (Table 2) suggesting that if peptide adsorption does occur at 30 mN m
, the peptides are aligned with the long axis parallel to the interface rather than perpendicular to it, as was proposed to occur at 20 mN m
. The observation of an increase in area per molecule in the DPPG systems after PG-1 injection as compared to a decrease observed in equivalent DPPC systems suggests that the peptide interacts significantly differently with DPPG versus DPPC monolayers. These differences in interactions can only be due to differences in head group region, with DPPC being zwitterionic and DPPG anionic, since the tail groups of the lipid molecules are completely identical.
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Schematic cartoons
Complementary data from GIXD and XR allow us to speculate how the PG-1 peptide interacts with different lipid monolayers. The data analysis suggests that there is some low degree of interaction between PG-1 and DPPC monolayers, but its interaction is much more extensive with DPPG and lipid A monolayers. The data also show that PG-1 forms a surface active layer.
Our X-ray reflectivity results (Fig. 3) indicate that PG-1 aligns at the surface and that there is a partial second layer of PG-1 underneath the top layer. A schematic cartoon of the alignment of PG-1 molecules at the air-aqueous interface is shown in Fig. 6 . It is possible to come up with this diagram as the approximate dimensions of the molecule are known 22, 25 and the thicknesses of the layers are taken from the X-ray reflectivity fitting results.
When the GIXD and XR data for the DPPC with PG-1 system at 30 mN m À1 were further examined, it appeared that peptide Fig. 6 Schematic cartoon of PG-1 film at the air-aqueous interface.
penetration into the DPPC monolayer was more limited in comparison to the DPPG and lipid A systems, and that the majority of the peptide insertion occurred into the head groups of the DPPC monolayer. Although GIXD data show little difference after PG-1 injection, XR data indicate that the PG-1 peptide does interact with the DPPC monolayer, most likely in the disordered region of the film. The schematic model proposed here in Fig. 7a is based on the fact that the head group layer decreases in electron density and increases in thickness as a result of peptide insertion. The tail group also increases in thickness and electron density, which we interpret as being due to the compaction of lipid molecules induced by peptide insertion. Fig. 7b shows a schematic cartoon of the proposed mode of interaction of PG-1 with the DPPG monolayer at 30 mN m À1 based on results from the X-ray data. The DPPG monolayer has a tightly packed ordered structure at 30 mN m À1 , which is disturbed after PG-1 injection, as the peptide penetrates the DPPG monolayer. Some regions of ordered lipid structure may remain intact, but the overall structure of the DPPG monolayer is altered, with regions of peptide inserted into it, regions of peptide protruding from the head group layer of the monolayer, as well as a partial peptide adsorption to the underside of the DPPG monolayer.
In contrast, Fig. 7c shows a schematic of how PG-1 molecules may penetrate lipid A monolayers at 20 mN m
À1
. The schematic is based on insertion assay data where an increase in pressure to 39 mN m À1 was observed. The model also takes into account GIXD and X-ray reflectivity data, which show that PG-1 peptides penetrate the lipid A monolayer and adsorb to it on the subphase side as shown by the third slab in the model.
Experimental Lipid monolayers
The cell membranes of different organisms have characteristic lipid compositions. In order to study the targeting selectivity of PG-1, Langmuir monolayers composed of lipids representative of different membranes were examined. This approach has been utilized repeatedly over the years to elucidate peptide-membrane interactions. 26, 27 In order to develop a full understanding of membrane interactions, each lipid component was studied separately in order to ascertain the contribution of each membrane component to the overall interaction of the peptide with the membrane. Dipalmitoyl phosphatidylcholine (DPPC), dipalmitoyl phosphatidylglycerol (DPPG) and lipid A were used to form Langmuir monolayers. In this work, DPPC was used as it is a major component of the outer leaflet of human red blood cell membranes.
10,28 DPPG is a representative lipid of the outer leaflet of the Gram-positive bacterial membrane 29, 30 and lipid A is the lipid anchor of lipopolysaccharides from the outer membrane of Gram-negative bacteria. DPPC is zwitterionic, whereas DPPG and lipid A are negatively charged in solution. Lipids were prepared as described earlier. 8, 22, 31 DPPC and DPPG were purchased from Avanti Polar Lipids, and lipid A was purchased from Sigma-Aldrich. All lipids were used without further purification.
Peptides
Protegrin-1 (PG-1) (RGGRLCYCRRRFCVCVGR) is a porcine antimicrobial peptide. 15 The PG-1 peptide used in this study was synthesized in-house, and details of the synthesis have been published elsewhere. 15 The PG-1 solution was made up in 0.01% w/v acetic acid to a working solution with a concentration of 1 mg ml
À1
. This, when injected into the subphase gave a final concentration of 0.025 mg ml
. The concentration of PG-1 used here was used in previous studies on C. albicans, L. monocytogenes and E. coli where it was shown to have potent microbicidal activity. 13 The concentration used is also known to be around the value of the minimum inhibitory concentration of several bacteria including E. faecalis, P. aeruginosa 14 and L. interrogans. X-Ray scattering measurements were taken on the ID10B (Troika II) synchrotron beamline at the European Synchrotron Radiation Facility 33 and at the 9-ID (CMC-CAT) beamline at the Advance Photon Source, Argonne National Laboratory.
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Both setups used PTFE (Teflon)-lined Langmuir troughs equipped with a single moveable barrier as described previously.
8,31,33
Peptide-insertion technique
Upon spreading, the lipid film was left undisturbed for 15 minutes to allow for solvent evaporation. Subsequently, barrier compression (at 2 cm 2 min À1 ) was initiated to attain the target surface pressure, which corresponds to the condensed phase of lipids (20- 40 mN m   À1 ). These pressures were chosen so that the lipid packing density was equivalent to that of the cell membrane. 35 Moreover, the condensed phase condition also allowed us to monitor changes in lipid packing during PG-1 insertion. After reaching the target surface pressure, the insertion assay was then carried out in the constant area mode, where changes in the surface pressure indicate the degree of interaction of the peptide with the lipid monolayer. In this mode, the barrier motors were simply switched off whilst the peptide solution was uniformly injected underneath the monolayer with an L-shaped needle (VDRL needle; Hamilton, Reno, NV, USA). The introduction of peptides under the compressed lipid monolayer mimics the approach by the peptide to the outer surface of the cell, as the hydrophilic head groups are closest to the subphase, with the lipid film simulating the outer leaflet of the membrane and the peptide in the subphase mimicking the peptide in the extracellular fluid. Changes in pressure were recorded as a function of time during and after peptide injection into the subphase. All experiments were carried out using the constant area mode, and the surface pressure condition mentioned refers to the target surface pressure to which the monolayer was compressed at the start of the experiment.
Grazing incidence X-ray diffraction (GIXD) and X-ray reflectivity (XR)
Grazing incidence X-ray diffraction (GIXD) 27, 36, 38 was used to obtain in-plane information concerning the molecular structure of surfaces, whereas specular XR measurements 27,36,38 revealed information on the electron density distribution along the surface normal and may be used to determine the density and thickness of thin layers. 27, 36, 38 X-Ray scattering measurements were carried out at the ID10B (Troïka II) beamline at the European Synchrotron Radiation Facility, France, as previously described, and data were analyzed as before. 8, 31, 33 Control measurements of pure lipid monolayers were followed by subsequent injection of the desired amount of peptide into the subphase under a monolayer compressed to the desired surface pressure.
Grazing incidence X-ray diffraction measurements were made with variation of the X-ray momentum transfer component q xy that is parallel to the air-aqueous interface. The reflections of the Bragg peaks observed with this geometry can be indexed by two Miller indices, hk. Their angular position 2q hk , corresponding to q hk ¼ (4p/l) sin q hk , yields the repeat distance d hk ¼ 2p/q hk for the two-dimensional (2D) lattice structure. 39, 40 Bragg peak profiles (intensity against q xy ) were fitted with Gaussians and the peak position values were used to obtain unit-cell dimensions of the lipid lattices. The observation of two Bragg peaks in the diffraction pattern of an amphiphilic monolayer is indicative of a distorted hexagonal unit cell (which may be better described 39 as a centered rectangular unit cell). Therefore, all unit-cell dimensions in this paper have been calculated using the centered rectangular unit cell approximation. Full-width at halfmaximum (FWHM) values of the Bragg peaks were used to determine the correlation length from the Scherrer formula, 8, 40, 41 L ¼ $0.9(2p/FWHM (q xy ) ), where FWHM (q xy ) is the resolution corrected full-width at half-maximum in q xy units (Å
À1
). The correlation length is a length restriction caused by inhomogeneities in the sample and a reduction in the correlation length is indicative that the monolayer has more impurities or it is made of two components, such as the monolayer and peptide inserting in to the monolayer.
As well as Bragg peak profiles, Bragg rod profile measurements 27, 37 were also taken during GIXD measurements. From the Bragg rod profiles it is possible to determine if the molecules are tilted and to calculate the tilt angle of the molecules at the airaqueous interface, using the maximum values of the Bragg rod profiles (see ESI †), which plot the intensity against q z .
27,37 In simple terms, when q z s 0, tilt (t) ¼ q z,11 (2p/a), where q z,11 is the peak value of the {11} a q z peak and a is the unit cell dimension calculated from Bragg peak values. 37 The tilt angle can be used to determine if the relevant layer thickness value, L, obtained with the XR fitting is appropriate (see ESI †) using L ¼ cos(t)L max , where L max is the maximal tail length given by 1.5 + n1.265 Å .
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XR is measured as a function of the scattering vector q z , where q z ¼ 2p/l (sin a), a is the grazing angle of the incident beam and l the wavelength of the X-ray beam. The reflectivity curve contains information regarding the gradient of the electron density profile in the direction normal to the surface.
8,39 X-Ray reflectivity measurements were carried out at a range of angles corresponding to q z values of approximately 0 to 0.65 Å À1 . The reflected beam intensity was measured as a function of the incident angle using a position sensitive detector.
The XR data were then analyzed using data processing and fitting programs as carried out previously 8, 31, 33 in order to gain information on the electron density distribution in the direction normal to the surface. This provided an electron density profile averaged laterally over both ordered and disordered parts of the system. The whole monolayer and subphase system was modelled as slabs, or layers, where each slab has a constant electron density and thickness. 33 
Conclusions
In conclusion, the work presented here consolidates and reinforces earlier work carried out using epifluorescence microscopy and X-ray scattering methods, 22, 23 and thoroughly investigates the interaction of PG-1 with different lipids using X-ray scattering techniques. From the changes in ordering, area per molecule and unit-cell dimensions, GIXD data show that PG-1 interacts with and inserts into DPPC monolayers. However, unlike the case of DPPG, under none of the conditions examined does PG-1 injection result in the complete disordering of DPPC packing, suggesting that electrostatic forces are playing an important role in the interaction. Our data further show that while PG-1 inserts into DPPC, DPPG and lipid A monolayers under constant area conditions and primarily into the head group region, the effect of the peptide on the DPPG and lipid A monolayers is much more pronounced than that on the DPPC monolayer, and an additional peptide adsorbed layer was only observed below the head group region for the two anionic lipid systems. Our data further suggest that there is a much greater extent of disordering in lipid systems with lower packing due to PG 1 insertion, in agreement with our earlier findings from epifluorescence microscopy. 22, 23 The fact that PG-1 preferentially damages lipid monolayers composed of lipids prevalent in different types of bacteria suggests that PG-1 is a good candidate for antimicrobial drug targets to be designed in the future. This bodes well for the design and development of protegrins and other antimicrobial peptides as future therapeutic agents.
